Several alkylanilines with structures more complex than toluidines have been associated epidemiologically with human cancer. Their mechanism of action remains largely undetermined, and there is no reported evidence that it replicates that of multicyclic aromatic amines even though the principal metabolic pathways of P450-mediated hydroxylation and phase II conjugation are very similar. As a means to elucidate their mechanisms of action, lethality and mutagenicity in the adenine phosphoribosyltransferase (aprt 
Monocyclic aromatic amines present a longstanding and enduring challenge for those who seek to understand their molecular mechanisms of carcinogenic activity. Polycyclic aromatic amines are now well understood to be activated through P450-catalyzed oxidation of the amino group, subsequent esterification of the resultant N-hydroxylamine, and heterolysis of the N-O bond to produce a reactive nitrenium ion that forms covalent adducts with DNA bases, leading to presumably carcinogenic genetic damage (Beland and Kadlubar, 1990; Kadlubar, 1994) . This and other possible reaction paths discussed below are shown in scheme 1. Given that monocyclic aromatic amines also undergo extensive N-oxidation in vivo (Mccarthy et al., 1985; son et al., 1980) , it might be expected that their mechanism of action is similar. in exploring this possibility, we and others have shown that the acyl esters of numerous monocyclic aromatic N-hydroxylamines react with DNA bases in vitro to form covalent adducts (cui et al., 2007; Famulok and Boche, 1989; Gonçalves et al., 2001; Jones and sabbioni, 2003; Marques et al., 1996; Meier and Boche, 1990) . Detection of the same adducts in animals treated with the parent amines, however, has thus far proven elusive, leading us to consider whether other mechanisms might prevail.
There is good reason to question whether a nitrenium ion mechanism is important for the monocyclic amines. Kinetic studies have demonstrated that the stability of nitrenium ions increases greatly with extended conjugation and addition of electronegative substituents to the basic benzene ring structure . Thus, polycyclic aromatic amines form nitrenium ions with lifetimes sufficiently long to permit reaction with various nucleophiles in the presence of water . Nitrenium ions formed by monocyclic aromatic amines have rate constants for reaction with solvent water that approach diffusion controlled rates and thus are limited in their ability to react with cellular nucleophiles. These considerations do not rule out DNA adduct formation by monocyclic nitrenium ions because it has been established that the free nitrenium ion derived from 2,6-DMA can form under aqueous conditions (Fishbein and Mcclelland, 1987) . They do, however, indicate that yields relative to those of polycyclic nitrenium ions will be substantially lower.
We have thus considered whether the other major product of hydroxylation, the aminophenol, has the ability to damage DNA in a manner consistent with mutagenesis and carcinogenesis. The direct mode of action would be electrophilic attack at nucleophilic DNA bases but aminophenols have little electrophilic character. Upon two-electron oxidation to quinone imines, however, they become electrophilic and thus capable of undergoing Michael addition reactions and nucleophilic addition at the keto and imino carbon centers (Eyer, 1994) . p-Benzoquinone, a close structural analog of oxidized p-aminophenols, is known to form DNA adducts in vitro (Guliaev et al., 2004) , so it is not unreasonable to expect similar reactivity. To our knowledge, though, no DNA adducts of any quinone imines have yet been described.
Evidence for carcinogenicity or other signs of genotoxicity of aminophenols would strengthen the hypothesis that the oxidized form, the quinone imine, can form DNA adducts or otherwise induce mutagenic damage to the DNA bases. p-Aminophenol itself is regarded as noncarcinogenic (http://ec.europa. eu/health/ph_risk/committees/04_sccp/docs/sccp_o_00e.pdf).
certain substituted aminophenols have, however, been indirectly associated with genotoxicity (Hill et al., 1997) . These are derived from an oncogenic class of chloroacetanilide herbicides that incorporate dimethylaniline and ethylmethylaniline into their structure.
The oncogenic link arises not only because the herbicides are metabolized in vivo to the p-aminophenols and their oxidized quinone imine form (Jefferies et al., 1998) but also because the quinone imines are relatively potent inducers of sister chromatid exchange (Hill et al., 1997) . These findings suggest, additionally, that substitution of the aromatic ring with alkyl groups is an important determinant of biological activity.
An alternative mechanism to DNA adduct formation by quinone imines is that they react preferentially with one or more proteins and that the resultant products exert a genetic effect indirectly. This hypothesis is supported by the findings of Jefferies et al. (1998) of thioether products of the diethyland ethylmethylaminophenols in livers of rats after administration of either the amines or the aminophenols. Other support comes from studies of hydroquinone/benzoquinone, which is structurally a very close analog of the aminophenol/iminoquinone redox pair. Quinones have been shown to react directly with proteins through thiol addition (slaughter and Hanzlik, 1991) . They also react extensively with glutathione to form multi-glutathion-s-yl addition products such as 2,3,5-tris-(glutathion-S-yl)hydroquinone (TGHQ), (Hill et al., 1993) . These thioether adducts of benzoquinone can also alkylate proteins through an addition-elimination mechanism rather than the simple addition that characterizes quinone reactivity (Li et al., 2005) . Hydroquinone is a nephrotoxin and its glutathions-yl adducts exhibit multiple genetic effects Patel et al., 2003; Weber et al., 2001; Yang et al., 2005; Yoon et al., 2001) . Quinone imines likewise form thioether addition products with glutathione and by analogy might be expected to have similar genotoxic effects (Jefferies et al., 1998; Klos et al., 1992; Martínez-cabot et al., 2005) .
Thioether addition products of benzoquinone are effective generators of reactive oxygen species (ROs), and this might be one mechanism by which protein adducts could elicit a genetic response (Towndrow et al., 2000) . TGHQ produces mutation spectra in human and bacterial cells that are similar to those reported for hydroxyl radical-induced mutations (Jeong et al., 1999) . in addition to indirect DNA damage, TGHQ has demonstrable effects on expression of genes relevant to carcinogenesis Scheme 1. Three pathways to mutagenesis by dimethylanilines. These are shown for the 3,5-isomer and pertain equally to the 2,6-isomer. Arrows marked with * indicate reactions that are known to be or are potentially subject to catalysis. 1. The N-hydroxylamine undergoes N-O bond heterolysis, catalyzed by acyl-or sulfo-transferase activity that forms an unstable N-Oester. The intermediate highly reactive nitrenium ion thus formed reacts with a DNA base to produce a mutagenic adduct. 2. The aminophenol produced by P450-catalyzed hydroxylation of the aniline or by nucleophilic attack of H 2 O on the appropriate resonance form of the nitrenium ion is oxidized to its quinone imine form. The electrophilic quinone imine undergoes nucleophilic addition by a DNA base yielding a mutagenic adduct. chemical studies (Adams and schowalter, 1952; irving and Gutmann, 1961) have demonstrated that N-acylated or sulfonylated quinone imines readily undergo 1,2-and 1,4-substitution reactions with amine nucleophiles. 3. Quinone imines either directly or in protein-bound form undergo redox cycling to generate reactive oxygen species that oxidize guanine residues.
ROs AND ALKYLANiLiNE MUTAGENiciTY iN cHO cELLs 49 (Patel et al., 2003) and has been shown to induce apoptosis (Yang et al., 2005) . considering the structural homology between TGHQ and quinone imine thioethers, it is reasonable to expect the latter to be a source of ROs as well.
This report describes our initial efforts to evaluate the relative contributions of the most likely pathways to genetic damage by monocyclic aromatic amines through detection and analysis of genetic changes in chinese Hamster Ovary (cHO) cells grown in culture. 2,6-DMA and 3,5-DMA are its focus because both have been implicated in an epidemiologic study as possible human bladder carcinogens (Gan et al., 2004 ) and 2,6-DMA is a rodent carcinogen.
MATERIALS AND METHODS
Caution. The following chemicals are hazardous and should be handled carefully: 2,6-DMA, 2,6-DMAP, N-OH-2,6-DMA, 3,5-DMA, 3,5-DMAP, and N-OH-3,5-DMA.
Sources. Reagents and cell culture materials were purchased from the following sources: cell culture materials, Lonza (Walkersville, MD); fetal bovine serum (FBs), Atlanta Biological; 2,6-DMA, 8-azaadenine (8-AA), 6-thioguanine (6-TG), dimethyl sulfoxide (DMsO), NADP, and DL-isocitric acid, N-acetyl cysteine (NAc), sigma chemical co., st Louis, MO; and 3,5-DMA, Acros Organics (Geel, Belgium).
Synthesis of N-hydroxyl metabolites. N-OH-2,6-DMA was synthesized in 50% yield by reduction of 1,3-dimethyl-2-nitrobenzene with zinc dust in aqueous NH 4 cl according to a published procedure (Kamm, 1941 Synthesis of aminophenols. 2,6-DMAP was synthesized in two steps by coupling 3,5-dimethylphenol with the diazonium ion formed by diazotization of sulfanilic acid and reduction of the azo dye with sodium hydrosulfite as described previously (Gan et al., 2001) following the procedure of Albert (1954) with minor modifications. The same approach was used to generate 3,5-DMAP: a mixture of sulfanilic acid (1.73 g, 10 mmol), Na 2 cO 3 (0.53g, 5 mmol), and H 2 O (10 ml) was heated to 60°c with stirring. After all the sulfanilic acid was dissolved, the solution was cooled in an ice bath to 15°c. A solution of sodium nitrite (0.74 g, 10.7 mmol) in H 2 O (2 ml) was then added drop wise. The resulting solution was poured at once into aqueous hydrochloric acid (14.1 ml, 5.6% wt/vol) in an ice bath and the mixture was allowed to stand for 15 min. it was then added to a solution of 2,6-dimethylphenol (1.22 g, 10 mmol) in aqueous NaOH (2.2 g, 55 mmol in 20 ml H 2 O) at 5°c. The dark red reaction mixture was stirred well and allowed to stand for 1 h at room temperature. it was then heated to 60°c and to it was gradually added aqueous sodium hydrosulfite (1% wt/vol) until yellow crystals precipitated from colorless solution. After standing 15 min at 50°c, the yellow suspension was cooled to 20°c and filtered. Cell survival and mutation at the aprt locus. AA8 and UV5 cHO cells were purchased from ATcc. Two derivative cell lines 5P3NAT2 and 5P3NAT2R9, which are functionally heterozygous at the aprt locus, were generously provided by Dr J. s. Felton (Lawrence Livermore National Laboratory). The repair-deficient (RD) 5P3NAT2 and -proficient (RP) 5P3NAT2R9 cells both express the cDNAs of the mouse CYP1A2 and human NAT2 genes but differ in repair capability. Details concerning the construction and characterization of these cell lines were described previously (Wu et al., 2003) . Prior to each experiment, cells were incubated for 2 days in medium containing cAAT (10µM cytidine, 100µM adenine, 1µM aminopterin, and 17.5µM thymidine) followed by 2-5 days in TAc (thymidine, adenine, and cytidine) medium to reduce the background aprt − mutant frequency. All cells were routinely maintained by monolayer culture in α-Minimal Essential Medium (MEM) containing L-glutamine supplemented with penicillin 100 units/ml, streptomycin 100 µg/ml, and 10% heat-inactivated FBs (complete MEM) in a humidified atmosphere with 5% cO 2 at 37°c.
The parental amines, 2,6-and 3,5-DMA, and their N-hydroxyl metabolites dissolved in DMsO were added to exponentially growing cells in 100-mm tissue culture dishes containing 0.5 × 10 6 cells in 10 ml of complete MEM. The cell lines expressing NAT2 (both 5P3NAT2 and 5P3NAT2R9) were exposed to 0-1000μM of parent compounds for 48 h in complete MEM or N-hydroxyl metabolites for 1 h in serum-free (sF) MEM. control cultures were treated with the same volume of vehicle (0.1% DMsO) for 48 h or 1 h. concentrations of 2,6-and 3,5-DMA and their metabolites used for mutagenicity experiments were established based on MTT cytotoxicity assays (data not shown). Following treatment, cells were allowed to recover for 24 h before determining survival by trypan blue exclusion and maintained in complete MEM thereafter. Previous studies showed that a relative survival of about 30% after chemical exposure facilitated optimum estimates of mutant frequency (Thilly, 1985) . Triplicate cultures were exposed to determine mutagenic potencies of 2,6-and 3,5-DMA and their N-hydroxyl metabolites. seven days after treatment, 6 × 10 5 cells from each group were placed in 100 ml selective medium containing 80 µg/ml 8-AA and plated at 6 × 10 4 cells/10 ml/100-mm dish for determination of mutagenicity after 14 days. For determining plating efficiency, dishes were seeded with 200 cells/10 ml/100-mm dish in triplicate and incubated for 14 days in the absence of selecting agent.
Cell survival and mutation at the aprt locus with and without ascorbic acid or NAC. AA8 and UV5 cells were adapted to Ham's F-12 medium supplemented with 100 units/ml penicillin, 100 μg/ml streptomycin, and 10% heat-inactivated FBs (complete Ham's) medium without ascorbate. The cells were seeded at 1 × 10 6 per well of six-well plates and incubated overnight in complete Ham's medium prior to the treatment. cells were exposed to N-OH-2,6-DMA (5, 10, 25, 50, 100, and 250μM) or 2,6-DMAP (5, 10, 25, 50, and 100μM) ± 5mM NAc, and N-OH-3,5-DMA (5, 10, 25, 50, 100, and 250μM) or 3,5-DMAP (5, 10, 25, 50, and 100 μM) ± ROs scavengers (5mM NAc or 50 μg/ml ascorbate) for 1 h. After treatment, the cells were washed twice with sF Ham's medium and incubated in complete Ham's medium for additional 24 h prior to determining cell survival. Mutation assay was performed as described above after 7 days of phenotypic expression.
Cell survival and gpt mutagenesis in AS52 cells. cHO As52 cells, kindly provided by Dr Helga stopper (University of Würzburg, Germany), were cultured in Ham's medium supplemented with 100 units/ml penicillin, 100 μg/ml streptomycin, and 10% heat-inactivated FBs (complete Ham's) in a humidified atmosphere with 5% cO 2 at 37°c. The medium was changed routinely, and cells were subcultured when confluence reached about 90%. cultures were cleansed of preexisting gpt mutants by culturing in MPA medium (10 µg/ml mycophenolic acid [MPA] , 250 μg/ml xanthine, 22 μg/ml adenine, 11 μg/ml thymidine, and 1.2 μg/ ml aminopterin) for 7 days followed by recovery medium enriched with xanthine (11.5 μg/ml), adenine (3 μg/ml), and thymidine (1.2 μg/ml) for 3 days.
As52 cells were placed in six-well plates at a density of 0.5 × 10 6 cells per well the day before treatment. cells were cultured for 5 h at 37°c in sF Ham's medium containing 2,6-DMA or 3,5-DMA (0-1000μM), with or without 5mM NAc, and a human liver s9 (BD Gentest) preparation comprising 16 μl s9 (440 μg s9 protein) and 65 μl sterile-filtered core mixture (25 mg/ml NADP, 45 mg/ml DL-isocitric acid) per milliliter of sF Ham's medium. At the end of the treatment period, cells were washed and placed in complete Ham's medium. For dosing with metabolites of 2,6-and 3,5-DMA, cells were seeded at 1 × 10 6 per well of six-well plates and incubated overnight in complete Ham's medium prior to treatment. The cells were washed two times with sF Ham's 50 cHAO ET AL. medium and exposed to N-OH-2,6-DMA (5,10, 25, 50, 100, and 250μM) or 2,6-DMAP (5, 10, 25, 50, and 100μM), and N-OH-3,5-DMA (5, 10, 25, 50, 100, and 250μM) or 3,5-DMAP (5, 10, 25, 50, and 100μM) ± 5mM NAc for 1 h in sF Ham's. After the treatment, the cells were processed as above.
As52 cell viability was determined 24 h after the treatments with trypan blue exclusion, and the cells were maintained in complete Ham's medium for 7 days for phenotypic expression. The level of cell survival was normalized to the negative control and presented as percentage of control. For the gpt mutagenicity measurement, after 7 days incubation, 5 × 10 5 cells from each group were placed in 100 ml complete Ham's medium containing selection agent 6-TG (10µM) and plated at 5 × 10 4 cells/10 ml/100-mm dish for determination of mutagenicity. For plating efficiency analysis, 2500 cells in 50 ml complete Ham's medium from each dose were seeded in 100-mm dishes at a density of 500 cells/10 ml. After 14 days incubation, colonies were stained with 0.5% crystal violet in 50% methanol/water for 5 mins, rinsed, and counted. The spontaneous mutant frequency was determined using the negative control (DMsO treated).
DNA extraction, PCR amplification, and molecular analysis of gpt mutants. single unstained gpt mutant colonies were identified and transferred to 24-well plates and grown to approximately 2 × 10 6 mutant cells. Genomic DNA was extracted from each mutant using GenElute mammalian genomic DNA miniprep kit (sigma). Amplification of the genomic DNA was performed in two rounds of nested PcR in a PTc-200 DNA Engine Thermal cycler (Bio-Rad, Hercules, cA). One microgram of template DNA was used to run the first round with 10 µl 10×PcR buffer, 2 µl dNTP mix, 0.5 µl taq polymerase, 73.5 µl sterile water, 0.2 µl each 25mM forward (bases −199 to −181; 5´-AAGcTTGGAcAcAAGAcAG-3´) and reverse (bases 520 to 540; 5´-ccAGAATAcTTAcTGGAAAc-3´) primers (iDT) and amplified with a PcR profile of 94°c: 1 min, 30 cycles of 94°c: 1 min, 47°c: 1 min, 72°c: 1 min, and a final extension of 72°c for 7 min. The product from this reaction was filtered using a centricon 50 concentrator and resuspended in 100 µl sterile water to avoid nonspecific binding with remaining primers, and a 10 µl aliquot was used as template in the second round of PcR using nested primers (bases −23 to −4; 5´-ATAAAcAGGcTGGGAcAcTT-3´ and bases 460 to 470; 5´-AGTGccAGGcGTTGAAAAGA-3´). The PcR conditions were the same in the second round as in the first round reaction, except that the annealing temperature was 52°c. The quantity of gpt gene amplification was analyzed by electrophoresis on 0.8% agarose gels stained with ethidium bromide. The 0.5 kb PcR product was cut out and purified for DNA sequence analysis using the QiAquick Gel Extraction Kit (Qiagen). DNA sequencing was carried out by the Dana-Farber/Harvard cancer center DNA Resource using the primer sets: 5´-ATAAAcAGGcTGGGAcAcTT-3´ and 5´-AGTGccAGGcGTTGAAAAGA-3´.
Quantification of intracellular ROS generation. intracellular ROs detection studies were performed using a cm-H 2 DcFDA ROs detection kit (Molecular Probes/invitrogen). As52 cells were placed in six-well plates at a density of 1 × 10 6 cells per well the day before treatment, washed two times with sF Ham's medium, and exposed for 1 h to various concentrations of N-OH-2,6-DMA, 2,6-DMAP, N-OH-3,5-DMA, or 3,5-DMAP in the presence or absence of 5mM NAc in sF Ham's medium, wells were washed two times with sF Ham's medium. cells were then incubated in complete Ham's medium for 24 h at 37°c, after which they were washed with PBs, treated with trypsin-versene for 5 min and suspended in 1 ml/well sF Ham's medium. Aliquots of 100 μl cell suspension from each dose were pipetted into 96-well plates and mixed with 10 μl Hank's Buffered salt solution (HBss) containing cm-H 2 DcFDA (final concentration 25μM) activated by preincubation at 37°c for 30 min. ROs generation was measured immediately with an HTs 7000 Plus Bio Assay microreader (485 nm excitation, 530 nm emission; PerkinElmer Life sciences). ROs levels generated by 1 × 10 6 viable treated cells were expressed as percentage of ROs produced by an equal number of viable negative control cells.
CometChip and alkaline comet assay. The alkaline comet assay, used to detect total DNA strand breaks, was performed on the cometchip using the protocol described by Wood et al. (2010) . Molten 1% normal melting point agarose (invitrogen) was poured on top of a sheet of GelBond film (Lonza). The polydimethylsiloxane mold with microposts used to form the microwells was placed into the agarose and removed after the agarose gelled. The gelled agarose with microwells was sandwiched between a glass substrate and a bottomless 96-well plate (Greiner BioOne) and sealed with mechanical force to create the multiwall version of the comet platform, the cometchip.
As52 cells placed in 100-mm dishes at a density of 1 × 10 7 cells were exposed to N-OH-2,6-DMA (50 and 100μM), 2,6-DMAP (10, 25, and 50μM), N-OH-3,5-DMA (50 and 100μM), or 3,5-DMAP (10, 25, and 50μM) ± 5mM NAc using the method described above. This set of treatments was repeated on two additional occasions to provide a set of three independent experiments. After 24 h incubation, 100 μl of cells (10 6 cells/ml) were pipetted into each of the agarose 96 wells. The bottomless 96-well plate form was then removed, and the gel was covered with 1% low melting point agarose (invitrogen). After overnight lysis, the cometchips were placed into an electrophoresis chamber filled with alkaline unwinding buffer (0.3M NaOH and 1mM Na 2 EDTA) for 40 min at 4°c. Electrophoresis was performed at the same temperature with the same buffer for 30 min at 1 V/cm and a current of 300 mA. The chips were then neutralized twice for 15 min in fresh buffer (0.4M Tris-Hcl at pH 7.5) at 4°c. After neutralization, the cometchips were stained with sYBR Gold (invitrogen) according to the manufacturer's instructions for the fluorescence imaging. Graphs were captured using a Nikon 80i upright microscope coupled with an automatic scanning stage and analyzed using the Guicometanalyzer, custom software written in MATLAB (The Mathworks) by Wood et al. (2010) . The results generated by the software showed percentage of tail DNA, which represented the level of DNA damage. The cells treated with 100μM H 2 O 2 are the positive control.
in each treatment group, 50-150 comet images were collected and analyzed. However, cells treated with 50μM 3,5-DMAP and 100μM N-OH-3,5-DMA were highly damaged, and viability was less than 30% as indicated in Figure 1 . Hence, fewer comets were collected (20-70 comets per experiment) due to the constraint of fewer viable cells.
Statistical analysis.
Linear regression analysis was used to evaluate the relationship between dose and ROs production in treated cells as measured by fluorescence intensity. student's t-test was used for analysis of differences observed in the comet assays. statistical analysis of gpt mutants was performed using Fisher's exact method.
RESULTS

Toxicity and Mutagenicity: Cell Culture Assays
Five cell lines were used to assay toxicity and mutagenicity of 2,6-DMA and 3,5-DMA and their N-hydroxy and p-hydroxy derivatives in vitro. Three of these are derived from one parental cell line AA8 and, together with the parent, were used comparatively to evaluate the effects of -OH substitution and the role of nucleotide excision repair (NER). scheme 2 shows the derivation and gives the NER status and added metabolic properties of the four cell lines. The fifth cell line is As52. it was used in this study to investigate ROs production and DNA single-strand break production as discussed in the following sections. survival and mutagenicity data are considered here in relation to data from the other cell lines because they reveal the striking and critical influence of ascorbic acid.
Preliminary studies revealed no material differences between the two DMA isomers; consequently, the more comprehensive studies described below were conducted only with 3,5-DMA and its hydroxylated derivatives. Not all permutations of cell line, test compound, and antioxidant were undertaken. instead, specific combinations were chosen based on their potential to be informative regarding the roles of excision repair, metabolic capacity, and oxidation potential. The choices were guided to a considerable extent by the relative potencies observed in preliminary studies, which are reflected in the results shown in Figure 1 for As52 cells. Aminophenols were far more toxic and induced mutations at lower concentrations than N-hydroxylamines, and both hydroxy derivatives were more toxic than the anilines activated by exogenous s9 or by metabolically competent cells.
Oxidation potential as an important determinant of susceptibility to the toxic and mutagenic effects of the DMAs and their metabolites emerged as the result of testing As52 cells after a body of data was collected from experiments with the AA8 line and its derivatives. As52 cells proved to be an order of magnitude more sensitive, and the difference was traced to the absence of ascorbate in the growth medium used for these cells, which was different from the medium used for the others. Figure 1 shows survival curves and mutagenicity results for As52 cells using 3,5-DMA with exogenous s9 activation, N-OH-3,5-DMA, and 3,5-DMAP with and without ascorbate or NAc. The data for 3,5-DMAP in this cell line, with and without ascorbate, can be compared with data obtained with both the AA8 and UV5 cells (Fig. 2) . When the latter two are grown without ascorbate, toxicity and mutagenicity are very similar to that observed with the As52 cells: 50% survival occurs in the range 10-25µM 3,5-DMAP, and there is a mutagenic response. Restoration of ascorbate to the medium increases survival-in all three cell lines-and reduces mutagenicity in the AA8 and UV5 cells. (Mutagenicity in As52 cells in the presence of ascorbate was not tested.) The effect of added NAc is also protective in all three cell lines except when the treatment was 3,5-DMA plus s9 (see Discussion section).
Figure 2 directly compares the AA8 and UV5 cell lines, which differ in NER status, as treated with 3,5-DMAP and ascorbate, NAc, or neither. There appears to be no difference in survival between the two lines under any of the three treatments nor is there any difference in the mutagenic response in the absence of ascorbate or NAc. A possible differential response can be seen in the mutagenic response in the presence of ascorbate, which is not consistent with the idea that NER deficiency would increase mutagenic susceptibility. Overall, the data provide no evidence for a role for NER. More extensive experiments with the 5P3NAT2 and 5P3NAT2R9 cells might be seen as providing evidence for a possible role for NER (Fig. 3) . Here, both the 3,5-DMAP and 3,5-DMA mutagenicity curves appear to show greater upslope for the repair-deficient 5P3NAT2 cells than for 5P3NAT2R9 cells. However, more extensive studies would be required to demonstrate that the apparent difference is meaningful.
gpt Mutations in AS52 Cells
As52 cells were used to characterize mutations formed in the gpt gene. They are useful for quantitative assessment of mutagenesis and molecular characterization of both point mutations and complex genomic rearrangements affecting the same mutational target gene (Tindall and stankowski, 1989) . These cells carry a single copy of the bacterial gpt gene functionally expressed using the sV40 early promoter and stably integrated into the cHO genome. The xprt/gpt locus is functionally analogous to the mammalian HPRT locus, and mutant clones can be phenotypically selected as 6-TG resistant colonies. such colonies may arise as a result of point mutations or rearrangements affecting the integrity of the gpt gene or affecting gene expression. The site of genomic integration of the gpt locus in As52 cells appears also to allow the recovery of complex genomic rearrangements (Tindall and stankowski, 1989) .
in all, mutated gpt sequences were obtained from 221 independent clones. These included 25 sequences resulting from spontaneous mutations in untreated cells and 30-35 sequences from cells subjected to each of six treatment regimens: 2,6-DMA and 3,5-DMA activated by exogenous human hepatic s9 and the chemically synthesized N-and p-hydroxyl derivatives of those two anilines. single base pair substitutions, insertions, deletions, and multiple sequence changes were all observed. Results are compiled in Table 1. single base pair substitutions were the most commonly occurring genetic change, comprising over 50% of mutational events in every case of treatment (48% spontaneous). G:c to A:T transitions were significantly increased by every form of 2,6-DMA and accounted for 40-70% of all substitutions. No such predominance was observed with the 3,5 dimethyl isomer. A:T to G:c transitions were most abundant when cells were treated with 3,5-DMA + s9, comprising 37% of all substitutions (p < 0.05). N-OH-3,5-DMA significantly increased both possible transition mutations. Though not significantly elevated relative to the control, G:c to T:A transversions were induced very selectively by 3,5-DMAP; they all occurred at a single position in the genome. Notably, 6 (out of 8 total) G:c to T:A transversions induced by N-OH-3,5-DMA also occurred at the same position.
ROS and DNA Strand Breaks
Direct chemical evidence that ROs are generated within cells by hydroxylated anilines was obtained using a fluorometric assay that responds to the presence of intracellular oxidants (Jakubowski and Bartosz, 2000) . in this assay, a reduced, acetylated form of fluorescein is taken up by cells and becomes sequestered when esterases remove the acyl groups, leaving the previously lipophilic dye in an ionized state. Removal of the acyl groups also leaves the dye susceptible to oxidation, after Persistence of ROs generation following removal of mutagen from the medium was assessed in AA8 and UV5 cells using 3,5-DMAP as shown in Figure 4 , which also shows the protective effect of NAc. ROs production and cytoxicity were determined as a function of dose, cell type, and absence/presence of NAc immediately after exchange of the dosing medium and at 24 h. There was clearly no dimunition of ROs after 24 h; instead, the data indicate higher generation at this later time point. These experiments also confirmed earlier results that NER status was not a factor in determining cell survival so subsequent experiments were conducted using As52 cells, and ROs generation was determined at 24 h. Dose-response data are shown in Figure 5 for the N-and ringhydroxylated anilines. Not shown are data from experiments with the anilines + s9 because these did not produce a positive dose-response. in the absence of exogenous NAc, there was a highly significant dose-response for each of the four mutagens. in the presence of NAc, no significant dose-response was observed with any of the test compounds except for N-OH-3,5-DMA. (The dose-response to N-OH-3,5-DMA in the presence of NAc, although statistically significant, was nevertheless much lower than in the absence of NAc). The strong ability of the aminophenols of both isomers at concentrations up to 25µM to generate ROs is particularly noteworthy; ROs levels induced by these compounds exceeded those induced by 100µM concentrations of the N-hydroxylamines by several fold.
TABLE 1 Mutations in the gpt Gene in AS52 cells
The comet assay was used inferentially to assess the impacts of ROs generation as reflected in the formation of DNA strand breaks. As performed, the assay detected total strand breaks and alkali-labile sites. NAc was used as an inhibitor of ROs generation. Data in Figure 6 are presented as percentage of DNA present in the comet tail in the assay, which provide an estimate of total strand breakage. All four mutagens produced a doserelated increase in strand breaks. The differences from negative control were statistically significant for 2,6-DMAP at 50µM (the highest level tested), for 3,5-DMAP at 25 and 50µM, and for N-OH-3,5-DMA at 100µM (highest level). The observed increase for N-OH-2,6-DMA at the highest level (250µM) was more than double the control but did not reach statistical significance. Wherever differences from the negative control were observed to be significant, the corresponding differences from treatment in the presence of NAc were also significant. in the absence of NAc, the two aminophenols elicited a greater   FIG. 4 . intracellular production of ROs by 3,5-DMAP in AA8 and UV5 cells. ROs were detected as increased fluorescence after addition of a reduced dichlorofluorescein indicator dye. cells were treated with test compounds for 1 h, washed to remove residual free mutagen, and either assayed immediately (0 h) or grown for 24 h in fresh medium before assay (24 h). ROs AND ALKYLANiLiNE MUTAGENiciTY iN cHO cELLs response than did the corresponding hydroxylamines, the differences being in the range of four to fivefold. There were also differences between the two dimethyl isomers. The 2,6-DMAP and N-OH-2,6-DMA generally induced fewer strand breaks than their 3,5 counterparts. For example, 50µM concentration of 2,6-DMAP induced about two thirds the amount of strand breaks as did 3,5-DMAP; comparison of the 100µM doses gives a similar ratio. For the most part, NAc was an effective inhibitor of strand breaks although it did not always maintain tail fraction at the same value as negative controls.
information produced by these two measures, production of ROs as determined by oxidation of an intracellular fluorescent probe and generation of DNA strand breaks, is highly congruent. As noted above, the 2,6 isomers were less effective than the 3,5 isomers in eliciting DNA strand breaks by a factor of about two thirds. The ratios of the slopes of the dose-responses for ROs generation are very similar: 0.71 in the case of the aminophenols and 0.79 for the hydroxylamines. The ratios of the slopes of the dose-responses for the two different hydroxyl derivatives (aminophenol: hydroxylamine) are 10.3 (2,6 isomer) and 11.3 (3,5 isomer), which approximate the ratio estimated for strand-break induction.
DISCUSSION
Among arylamines occurring in the environment, 4-aminobiphenyl (4-ABP) is classified as a known human carcinogen (iARc, 1972) , and how it induces DNA damage and mutagenesis in various experimental systems has been extensively studied (Beland and Kadlubar, 1990; Kadlubar, 1994) . Results argue convincingly for mechanisms involving formation of bulky covalent adducts produced by electrophilic attack of a nitrenium ion intermediate on DNA bases. specific examples of in vivo results and results from cell culture studies that support this conclusion can be found in chen et al. (2005) and Besaratinia et al. (2002) .
No similar body of data exists regarding the monocyclic aromatic amines. The experiments described here were designed to assess the relative contributions of the bulky, covalent adduct mechanism described above for 4-ABP and two other biologically plausible pathways shown in scheme 1. covalent adducts arising from exposure to ring-hydroxylated anilines assumes that 2-electron oxidation occurs in vivo to yield quinoneimines and that these are responsible for adduction. No DNA adducts of quinoneimines have yet been produced synthetically, but their protein adducts are well documented (Eyer, 1994; irving and Gutmann, 1961; Jefferies et al., 1998) , and it is reasonable to assume that they can react with DNA bases as has been shown with quinones. Finally, the aminophenol/quinoneimine redox couple is certain to generate ROs in the presence of appropriate biological electron acceptors and donors as has been shown for 2-and 4-aminophenol in yeast (Brennan and schiestl, 1997) . As argued below, our results do not rule out the possible participation of any of these three pathways but, in our view, they strongly suggest that oxidative damage is the major contributor   FIG. 6 . Formation of DNA strand breaks by hydroxylated dimethylanilines. strand breaks were detected using a microarray version of the comet assay (Wood et al., 2010) . Each point represents the average of three independent experiments and each experiment includes 50 to 150 determinations. cells treated with 50µM 3,5-DMAP demonstrated low viability, and only 20-50 comets were collected and analyzed from each experiment; however, a total of more than 100 determinations were obtained from three replicates. standard error is plotted as error bars on the graph. Results noted with * differ from the negative control and from the same treatment in the presence of NAc by student's t-test with p < 0.05. to mutagenesis in these cell-based assays regardless of whether cells are treated with N-or ring-hydroxylated anilines.
The effects of ascorbate and NAc on toxicity and mutagenicity are key to elucidating the likely mechanism(s) of action of the DMAs and their hydroxylated derivatives. Both were protective when cells were treated with ring-and N-hydroxylated 3,5-DMA, reducing toxicity and mutagenicity. Effectiveness of NAc appears to be equal to or greater than the effectiveness of ascorbate with regard to DMAP, which may reflect the fact that NAc can scavenge DMQi through Michael reaction and scavenge ROs or modulate the oxidation state of the cell, whereas protection by ascorbate is likely limited to redox effects. That these two antioxidants have very similar effects when cells were treated with aminophenol or N-hydroxylamine, with the survival and mutagenicity curves shifted well to the right for the latter, is consistent with hydroxylamine rearrangement to aminophenol as its principal mechanism of action, especially considering that N-hydroxylamines are sensitive to further oxidation of the N-O group to form nitroso compounds that react further to a variety of products. Ascorbate actually inhibits such oxidation (Turesky et al., 1991) and would therefore enhance any pathway dependent on further nonoxidative transformation of the N-hydroxyanilines, such as O-esterification.
The failure of NAc to protect against mutagenicity when As52 cells were treated with 3,5-DMA + s9 is notable and, together with the results of treating the metabolically competent 5P3NAT2 and 5P3NAT2R9 cells with 3,5-DMA, which then gave a greater mutagenic response than with either hydroxylated derivative, provides additional mechanistic insight. These two treatment regimens undoubtedly produce lower levels of active metabolites at any point in time than occurred when cells were treated with aminophenol or N-hydroxylamine, and exposure would occur for as much as 6 h (As52 cells) or 48 h (NAT2 cells). in contrast, the hydroxylated DMAs were present as a bolus dose for 1 h. These observations can be readily explained by assuming that toxic response reflects primarily peak dose, whereas mutagenesis reflects integrated dose of toxin. The validity of this assumption depends, in part, on mechanisms underlying toxicity and mutagenicity. Quinone imines are known to be highly reactive with proteins (Eyer, 1994) , a probable mechanism of toxicity reasonably assumed to be proportional to peak dose. Other results in this report demonstrate persistent intracellular generation of ROs and a pattern of DNA damage consistent with ROs activity. Oxidative DNA damage is therefore a plausible mechanism of mutagenicity, which would be more integrative than protein damage if DNA repair is slow relative to recovery from protein damage. This possible divergence of toxic and mutagenic mechanisms is fully consistent with the results of treatments with parent amine.
Dose-dependent generation of ROs in cells treated with hydroxylamines or aminophenols (Figs. 4 and 5) confirms that both metabolites of both anilines are capable of producing ROs intracellularly and that the aminophenols are far more potent.
Results from the comet assays indicate that the levels of ROs detected by the fluorescence assay are sufficient to elicit considerable genetic damage in the form of DNA strand breaks. Presumably, at these levels, mutations are also induced. A notable aspect of the ROs data is that ROs generation is higher at 24 h than immediately following a 1 h treatment with mutagen. it is highly unlikely that after 24 h the ROs generators are any longer free compounds. consistent with findings that quinones become bound to proteins, we are concurrently developing further detailed evidence that the quinone imines of 2,6-and 3,5-DMA also are bound intracellularly through reaction with proteins. Depending on the length of time that the redox activity of the bound compounds persists, protein binding may provide a mechanism for greatly potentiating the cumulative genotoxicity of the quinone imine metabolites.
in the present experiments, establishing a central role for quinoneimines does not reveal their mechanism(s) of action. They are electrophilic compounds and could, in principle, form covalent DNA adducts. Do the types of mutations observed provide any insight into this possibility? Under any of the treatment conditions used, more than 50% of mutations were base substitutions that occurred mostly at G:c pairs, producing G:c to T:A transversions and G:c to A:T transitions. Generally speaking, this pattern of mutation is broadly consistent with oxidative damage (Neeley and Essigmann, 2006; Wang et al., 1998) . Molecular mechanisms of mutagenesis and carcinogenesis induced by ROs have been extensively studied by exposing DNA targets to ionizing radiation or to ROs produced by stimulated leucocytes (Breimer, 1990; Newcomb and Loeb, 1998; Reid and Loeb, 1986) . For example, treatment of human HL60 neutrophils with tumor promoters stimulates production primarily of O 2
•− and H 2 O 2 , which in the presence of free iron produce HO• via the Haber-Weiss reaction. In representative experiments, mutant frequency was increased sixfold in the lacZα gene of M13mp2 plasmid transfected into sOs-induced Escherichia coli after coincubation with stimulated cells; most mutations (96%) induced were single base substitutions, a preponderance of which occurred opposite guanine residues, leading to equal numbers of G to T and G to c transversions. studies in which mutations induced in the supF gene in a shuttle vector exposed to H 2 O 2 with or without Fe/EDTA to generate HO• demonstrated that exposure of the vector prior to transfection to H 2 O 2 did not induce mutations, but exposure to HO• caused a combination of base substitutions and deletions. When cells carrying the vector were exposed to H 2 O 2 (presumably leading to intracellular production of HO•), the frequency of base substitution-deletion mutations was increased. Virtually, all base substitutions were located at G:c base pairs, remarkably only in the 3´ bases of Tc:AG or cc:GG sequences; G:c to A:T transitions were by far the predominant mutation observed. in contrast, when the plasmid was exposed to hydroxyl radicals before transfection into cells, the base changes observed were predominantly located at AT base pairs.
ROs AND ALKYLANiLiNE MUTAGENiciTY iN cHO cELLs Overall, our results are generally indicative that generation of ROs by aminophenol/quinone imine metabolites mediates most of the mutagenic activity attributable to both of the predominant hydroxylated metabolites of the two alkylanilines investigated. All the hydroxylated anilines were shown to produce ROs in cells long after exposure. All induced DNA strand breaks, determined as the total of single-and doublestrand breaks. Ascorbate and NAc were strongly protective in every case. The kinds of mutations produced and their relative abundances reflect the results of others regarding oxidative damage to DNA. And finally, the lack of any observable influence of NER status on cytoxicity and mutagenicity is in line with previous results comparing AA8 and UV5 cells when treated with H 2 O 2 or alkylating agents (Johansson et al., 2004) . in summary, we note that there may be some evidence for covalent modification of DNA by the metabolites of these two dimethylanilines as a mechanism of genotoxicity but that on balance the evidence appears to favor generation of ROs as the predominant mechanism.
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